Abstract: Fine particle quartz is considered as a lung carcinogen and therefore its monitoring in the workplace is currently required by government legislation across the world. In order to enforce the health and safety standards, techniques that can accurately determine the amounts airborne quartz are necessary. Currently, two techniques dominate quartz analysis -the infrared (IR) spectrophotometric analysis and the X-ray diffraction (XRD) method. Unfortunately, there are limitations associated with both techniques in terms of their analysis accuracy and this article discusses both these methods. The study showed that typical quarry quartz samples have a broad particle size distribution where up to 20% of the finer particles in the bulk sample material contain significant amounts of muscovite, kaolinite, rutile and others. This implies that quarry silica particles with a mean diameter of less than 5 µm contain significant amounts of other materials that are not quartz, and hence, would significantly influence the quantification of the particle composition analysis on filter papers used for air monitoring work places. The results of the study suggest that analysis of the fine fraction of a manufactured sample in a particular work environment should be considered as a reference standard for the quantification of the amount of airborne fine particulates an employee could be exposed to. The study also showed that the IR method is more sensitive and less subjective to sample preparation than the XRD method of analysis.
Introduction
The prolonged unprotected inhalation of air containing airborne particulates of quartz causes a life threatening pulmonary disease known as silicosis. Since 1997, quartz is classified as a group I carcinogen according to the IARC (International Agency for Research on Cancer). It is found in most mining and quarry operations around the world [1] [2] [3] . The danger of the chemical that is found in 80% of the earth's crust lies in its inert character and particle size. The Environmental Protection Agency (EPA) currently requires that work environments that process or handle quartz in any form, must monitor airborne particles of 10 µm in diameter and smaller because of the respiratory diseases being linked to dust of that particular size range. Hence, there are statutory provisions for mining industries to use filters and respiratory equipment for preventing excessive inhalation of dust containing quartz particulates 4) . Sand quarries are obvious hazards with their constant cutting, crushing and blasting. Similarly, the stonework industry and foundries create elevated levels of dust that also contain dangerous amounts of the fine particulate quartz.
If the air drawn into the lungs contains foreign particles, the body may remove them by various mechanisms as a function of their size; particles that are smaller than 5 µm can penetrate as far as the terminal bronchiole and alveoli thereby adversely affecting the lungs' function 1, 5) . The crystalline quartz that invades the inner lung tissues cannot be removed and has been linked to several pul-monary diseases of which silicosis is just one of them 3, 5) .
There are three main crystalline forms of silica; quartz, tridymite and cristobalite of which there are two variations of each of these (high and low). Occupational exposures to the three substances are regulated by Occupational Safety and Health Administration (OSHA), a regulatory control body based in the USA, which requires that any product containing 0.1% or greater quartz must be labeled as a potential carcinogen 6) .
The analysis of the amount of airborne quartz in a particular environment is carried out by passing a definite volume of air through a filter paper over a certain period of time and analyzing the amount of quartz trapped on the filter paper using a number of methods and procedures that are well documented 7) . The most common methods for the analysis of the quartz found on the filter paper are based on Fourier Transform Infra Red (FTIR) and powder X-ray diffraction (XRD) techniques and NIOSH have provided methods that describe accurate sample preparation and quantification of quartz on air filters 8, 9) .
The FTIR analysis is based on the bonding parameters of pure quartz, where quantitative analysis has been reported on particles as low as 10 µg 8, 10) . However, interferences are possible, due to overlapping spectral peaks at 798 cm -1 from the other phases of silica. Thus it is difficult to distinguish between different silica forms with FTIR at the particular analytical peak. Also the variation in particle size can result in significant error by reporting a comparatively lower value for the same mass samples that had larger particles 12, 13) .
The technique of XRD relies on the well-defined diffraction pattern of crystalline quartz and has been shown to give detection levels on particles as small as 20 µm 9, 14) . But again, errors can arise due to particle size variation and especially sample preparation. Literature has reported that the variation in particle size of a sample was shown to give comparatively larger Xray intensity values for the same sample mass, when the particles are comparatively larger 14) .
Another problem in accurately quantifying the amount of quartz on the filter paper is in the use of reference standards. Inter-laboratory trials reported in the literature have shown that considerable differences occur in reported results depending on the type and origin of standards used 11) . Usually the standard used would be high purity quartz within a certain particle size range. The assumption is made that the samples analyzed would have similar characteristics to the standards used in terms of their composition and particle size range. However, it would be difficult to accurately determine the particle size distribution and composition of the sample that was collected on a particular filter paper prior to analysis in order to ensure compatibility with the reference standards used.
The following study investigated samples obtained from different quarries that process fine quartz material for the cement industry. The final manufactured product that is supplied would predominantly contain quartz with a relatively broad particle size distribution. However, upon closer inspection, other phase materials were present in the finer particle size range. These finer particles would have an influence on the analysis of air monitored samples from quarries. Hence, depending on the air monitoring sampling position, the prevailing winds during the analysis day and the amount of particulate transported or mined in its vicinity, the sample on the filter paper might have a different particle size distribution and composition to that of the bulk-mined sample and in particular to the reference standard used in its quantification. The study compared the use of the finer fraction of the quarry bulk material as a reference standard to that of using analytical grade quartz as standard for FTIR and XRD analysis. The study also considered the variation of particle size and material composition of a typical dust sample on a filter paper that was obtained from a routine air monitoring site at a quarry.
Methods

Particle size composition and distribution
The quartz from Alfa Aesar (99.5%) was used as a suitable pure reference standard with a narrow particle size and a volume mean diameter of 4.07 µm. The three industrial quarry quartz samples (Silica 1, 2 and 3) were obtained from the local quarry suppliers who primarily supply cement clinkers. The particle size distribution of the samples was determined by dispersion in water using particle laser diffraction in a Malvern Mastersizer S.
In order to investigate the composition of the finer fraction of the quarry samples, Stocke's theory dealing with settling velocity as a function of particle size was applied to the sample in water. The industrial quarry samples were placed into a tall water-filled measuring cylinder, and portions of the sample slurry were removed after predetermined time intervals. The fractions were dried and their composition determined by XRD and their respective particle size distribution by laser diffraction.
The composition and particle size distribution of an actual air filter sample used in the air monitoring of the quarry working environment was studied by obtaining a filter paper from a 32 mm air sampling holder that was used in one of the local quarries. The sampling rate was 2.2 l/min over a 9 h sampling time. The filter sample was firstly analyzed for its quartz content by the "direct on filter" method using XRD 15) and then by Scanning Electron Microscopy (SEM) for the relative particle size AIRBORNE QUARTZ ANALYSIS ON FILTER PAPER and the elemental composition using Energy Dispersive X-ray Analysis (EDAX ) on a Jeol JSM 6380. The filter sample was gold coated with a sputter coater in order to improve the conductivity.
Sample and standard preparation for FTIR analysis
The procedure for FTIR analysis was carried out according to the method described in NIOSH 7603 8) . The standards of quartz on filter paper were prepared by a suspension of a stock solution of 1 mg/ml quartz in 2-propanol from the Alfa Aesar (99.5%) standard. Each of the quarry samples and their respective finer particle size samples were also prepared in a similar way by preparing a 1 mg/ml stock suspension in 2-propanol. Afterwards the solutions were placed in an ultrasonic bath for 20 min at a temperature of 40˚C. A glass frit and a funnel on the top of a Buchner vacuum flask configured the vacuum filtration apparatus. A membrane filter (Millipore 0.45 µm) was placed between the glass frit and funnel. An aliquot amount for each of the required standard quartz suspensions was filtered onto the membrane under vacuum and washed with 2-propanol. The membranes containing the quartz and blanks were ashed in porcelain crucibles for 2 h at 600˚C.
Approximately 300 mg dried KBr was added to the ignited sample and thoroughly mixed with a pestle and mortar with two drops of 2-propanol, forming a slurry. The mixture was transferred to a 30 mm pellet die and the 2-propanol was allowed to evaporate before the finished pellet was weighed, ensuring that not less than 0.97 mass ratio (weight of finished pellet/weight KBr initially added) was obtained before further analysis. Analysis was carried out in triplicate using standards with masses of 25, 50, 100, 150 and 1,000 µg quartz of the finer fractions. A Bruker Tensor 27 Infrared spectrophotometer was used in transmission mode with a scan range from 1,000 cm -1 to 600 cm -1 . In order to control the homogeneity of quartz in the pellet the measurements were repeated in 4 different positions by rotation of the pellet, after which an average was taken. For quantification, the area of the resulting peak under the absorbance band at 798 cm -1 was calculated.
Sample and standard preparation for the measurements by XRD
The analysis was carried out on a Bruker D8 Advance X-ray powder diffractometer using Cu radiation. The sample preparation for the measurements by XRD was performed by the direct on filter paper analysis method described in the literature 15) . The dry filter papers with the specified amounts of quartz were placed on rotating aluminum sample holders and scanned between 25.5˚ to 27.5˚ 2 θ for the 101 reflection for quartz at 26.6˚. The coarse and fine quarry samples and the pure crystalline Silica (Alfa Aesar) were used as respective standards and were prepared with masses of 25, 50, 100, 150, 500, 750 and 1,000 µg sample on filter paper. The integrated peak area of each sample peak was obtained with no peak absorption corrections. Phase identification and standardless quantification of the coarse and fine quarry samples was performed by obtaining complete diffraction scans from suitably prepared samples from 10˚ to 70˚ 2 θ. The phases were identified from the ICDD powder diffraction file and the quantification by Rietfeld refinement was carried out using commercial software Topas ® that uses the lattice and structural parameters of the known phases present 16) .
Results and Discussion
Particle size separation
The particle size distribution of the pure standard and the 3 bulk quarry quartz samples are shown in Fig. 1 with their respective volume mean diameters (µm). After separating the finer fraction from a pre-weighed amount of the respective bulk quarry samples, about 15-20% by mass was found to be below 4 µm. The particle size distribution of the finer fractions for each of the quarry samples is shown in Fig. 2 and the XRD patterns of the samples studied are shown in Fig. 3 . The results showed that the bulk quarry samples contain predominantly quartz over the wide particle size distribution range and that the finer fractions contained muscovite (KAl 2 phases by XRD using Rietveld refinement is summarized in Table 1 . These phases are softer than quartz and are predominantly in the finer fraction due to the fact that they would grind to a smaller particle size under the same grinding condition as the quartz particles.
During industrial manufacture of the quartz and the resulting formation of dust in the air, the finer particles could remain suspended in air for longer periods of time, thereby being carried by prevailing winds much easier. Hence, a sample that is collected by an air sampling device that is supposed to be a representation of the dust composition over a specific environment and time, could contain significantly higher levels of finer particles which contain not only quartz. This was confirmed by the visual investigation of the particles collected over a 9 h sampling time using a typical filter paper sample obtained from the routine air-monitoring of a local quarry. The ter paper showed the distribution of the selected elements (Si, K, Al and Ca) relative to the particles in the micrograph. The SEM micrographs in Fig. 4 showed that the particles on the filter paper tend to form large conglomerates of smaller silica particles interspersed with significant amounts of very small particles between 2-5 µm.
The EDAX elemental scan showed that there are considerable amounts of Al and some K present in the particles typically found in minerals such as kaolinite and muscovite. The importance of this is that the air particles that are monitored near typical quarry (or mine) work places are more likely to contain "other" material besides quartz below the 5 µm particle size range. Hence, only analyzing for quartz on a filter paper, can disregard up to 20% of smaller particles that consist of other minerals that can also be detrimental to human health.
Sample and standard analysis by FTIR
The difference in FTIR spectra for 1mg of the pure quartz and quarry sample in KBr is shown in Fig. 6 . The analysis was done using the bulk and finer quarry samples. The results show that there are significant differences in comparing the absorbance of the quartz sample obtained from the quarries to that of the pure quartz and the respective finer quarry samples in terms of their intensity and peak shape. The results support the fact that the particle size of the quartz influences significantly the attenuation of Infrared-intensity 10) . The smaller the particles the larger is the infrared absorbance. The exposed surface areas of the smaller particles would also comparatively contribute to the observed intensity, thereby allowing more interaction of the vibrational bonds with the IR radiation, resulting in sharper well-defined peaks at 798 cm -1 . Even though the finer fraction of the two quarry samples had similar particle size distributions (Fig. 2) to that of the pure standard quartz, it is clear that the finer quarry samples contain less quartz than the standard (Table 1) , thereby resulting in lower absorbance peaks.
The sampling method of airborne quartz consists of sampling a known value of air through an air-cartridge that contains a filter paper. However, as a result of sample handling, the ashing process and the transfer of material, a significant amount of sample can be lost. This was shown by taking an accurate amount from the stock suspension corresponding to 1 mg of pure quartz. The solution was transferred onto a filter paper (Millipore 0.45 µm) that was held in place by a glass frit and funnel. The sides of the funnel were subsequently washed with 2-propanol to ensure that all of the sample would be trapped by the filter paper, before processing the sample further for FTIR analysis. It was found, by triplicate analysis, that about 30% of the original quartz in the standard was lost as a result of this treatment. Upon closer inspection of the laser diffraction particle size analysis of the material (Fig. 2) , the results showed that the accumulative fraction below 0.49 µm was approximately 0.30. Hence, particles having a particle size below that of the porosity of the filter membrane can easily pass through it when in a liquid suspension. It becomes important that the reference standards used in quartz analysis by FTIR are prepared in the same way with the same type of filter paper to that of unknown air-monitored filter samples and that the particle size span of the reference standards is above the pore size of the filter paper.
The reproducibility of using various samples as standards for FTIR analysis of quartz on filter paper was investigated by preparing a range of known concentrations using the pure and various quarry samples of the broad and finer particle size ranges (Fig. 7) .
There is a significant difference between the gradients of all fractions with respect to the variation inherent in the sample. Hence, using the finer particulate samples from the quarry might give a better representation of the matrix sample found on the filter paper than a pure quartz standard used. Even though the particle size ranges are similar to that of the pure, they contain significantly lower amounts of quartz (Table 1) . Therefore, accurate quantification of the quartz content of the finer fractions by XRD should be done and taken into consideration when using them as possible standards for the quantification of dust samples on filter paper obtained from air monitoring.
Sample and standard measurements by XRD
The reproducibility of preparing reference samples using the various quarry samples and pure quartz was investigated by preparing samples according to the direct on filter paper analysis for XRD-measurements 15) . The results showed that there was considerable variation in the measured peak area for all the samples analyzed. In particular, the relative peak areas for lower amounts of quartz on the filter paper are influenced by the irregular sample distribution on the surface of the filter paper; also some finer particles trapped within the filter paper are not measured by the XRD 13) . Yabuta and Ohta showed that the sample uniformity on the filter paper influences the analysis considerably, where samples with higher concentrations would have less of an error in sample distribution across the filter paper 12) . Another factor to consider is the influence of the particle size on the observed diffraction peak. Samples with a larger particle size, would result in a higher than average peak area, when compared to a sample, that had a smaller particle size 12) . This was observed by the fact that the fine quartz standard and the fine quarry samples gave on average a lower diffraction peak when compared to a sample that had the same mass amount of a coarse quarry sample. Noticeably, the finer quarry samples also contained a lower amount of quartz material than the standard (Table 1) . Figure 8 shows a typical XRD analysis for a sample on filter paper (Fig. 4) together with two reference standards prepared using the fine pure quartz standard. The results show that accurate quantification of the quartz amount would be difficult, since the peak area of the sample is less than that of the lowest 25 µg standard pure quartz sample. In addition, the background to peak resolution is poor, introducing significant statistical error in quantifying the peak area. Using peak proportionality, an approximate amount of 20 µg of quartz was calculated to be present on the filter paper. This would equate to approximately 0.017 mg/m 3 for the air monitored sample.
Conclusions
During the manufacturing processes typically associated with quarries and mines, the finer airborne particles could remain suspended in air for longer periods of time, thereby being carried by prevailing winds much easier. Hence, a sample that is collected by an air sampling device that is supposed to be a representation of the dust composition over a specific environment and time, could contain significant levels of kaolinite, muscovite and other phases besides that of quartz. However, most quantita- tive procedures only consider the amount of quartz collected on an air monitoring filter paper.
Analysis of these finer fractions would contain different quartz amounts when compared to the bulk material. It is therefore important to use reference standards which are similar in particle size and composition to the sample under analysis. This can be done by quantifying the finer fraction (below 5 µm) for a particular quarry environment and use this material for the preparation of reference standards. Further consideration of the health implications of the various phases found in the finer fraction can be evaluated and appropriate monitoring can be implemented.
The analysis procedure consisting of filtering through a suitable filter, ashing and then transferring the contents to a KBr pellet for FTIR analysis was found to give lower results than a similar mass sample that was not filtered. The sample loss could be attributed to the amount of finer particles found in the suspension in the standard that would be lost through the filter paper that had an average pore size of 0.45 µm. Hence, care should be taken in that the reference standards used should not have significant amount of particles in size that are below the pore size of the filter paper.
This work shows that the FTIR method is more sensitive and less subjected to interferences than the direct on filter XRD method.
